ABSTRACT Cellular responses to DNA damage reflect the dynamic integration of cell cycle control, cell-cell interactions and tissue-specific patterns of gene regulation that occurs in vivo but is not recapitulated in cell culture models. Here we describe use of the zebrafish embryo as a model system to identify determinants of the in vivo response to ionizing radiation-induced DNA damage. To demonstrate the utility of the model we cloned and characterized the embryonic function of the XRCC5
INTRODUCTION
In the nucleus, interaction of an ionizing radiation track with duplex DNA causes many types of DNA lesions, the most potent of which are double-strand breaks [DSBs; reviewed in (1) ]. Upon formation and detection of DSBs, cells enter DNA damage-dependent cell cycle arrest and attempt to reestablish chromosome integrity by repair of DNA DSBs. This repair may occur either by nonhomologous end joining (NHEJ) or by homologous recombination [reviewed in (2, 3) ]. Alternatively, and depending on the extent of damage per cell or within a tissue, a cell may self-eliminate by apoptosis [reviewed in (4) ].
Our understanding of the DNA damage response in vertebrates has been gained primarily from cell culture models, which cannot recapitulate dynamic in vivo processes such as temporally and spatially regulated patterns of gene expression. Work described here uses the zebrafish embryo as an in vivo model of the DNA damage response. Embryogenesis is a particularly radiosensitive stage of the vertebrate life cycle, perhaps because of rapid cell division. Thus, for any given species, radiosensitivity during embryogenesis has significant consequences for survival of the organism in particular and for the population in general.
The current framework for understanding radiation effects on the embryo [reviewed in (5) ] derives from classical experiments performed before the advent of modern molecular biological tools (6) . Mammalian embryos exposed to radiation at the pre-implantation stage exhibit an 'all or none' effect, where the embryo is either nonviable or develops normally. Embryos exposed to sublethal doses of radiation have changes that are observable as a proliferative disadvantage in aggregation chimeras (7) . Although the radiosensitive target is in the nucleus, the precise damage pathways have not been explored at the molecular level (8) .
Exposure at later times, during organogenesis, causes tissue-specific malformations consistent with exposure during sensitive 'critical periods' of organ-specific formation or morphogenesis (6, 9) . These findings, together with other observations that radiation exposure at pre-implantation or organogenic stages poses little or no excess cancer risk, suggest a mechanism where self-elimination of radiation-injured cells is favored over DNA damage tolerance and repair (10, 11) . Indeed, this self-elimination is now known to occur by p53-dependent apoptosis (12) (13) (14) . Vertebrate embryos become able to undergo apoptosis, in response to earlier genotoxic damage, only during gastrulation stages (15) (16) (17) . In zebrafish, ability to undergo checkpoint-dependent apoptosis begins at $7 h post-fertilization (hpf ) (18) . The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oupjournals.org
In contrast to self-elimination of radiation-injured cells earlier during embryogenesis, exposure at later, fetal, stages of development leads to a significant excess cancer risk. This is seen both in rodent models (11, 19) and among children exposed to low dose diagnostic X-rays during the third trimester of pregnancy (20) (21) (22) (23) . Presumably, these cancers result from the survival of cells bearing chromosomal aberrations or other mutations fixed in the genome by error-prone DNA repair. The mechanisms regulating the decision between cellular self-elimination and DNA repair in the embryo and fetus remain largely unknown.
Here, we use a zebrafish (Danio rerio) embryo as a model system to investigate the effects of radiation on the embryo. Several features of the zebrafish embryo facilitate experimental determination of gene function during embryonic development and in response to genotoxic stress, including irradiation (24) . These include optical transparency, external development, large clutch sizes and amenability to molecular, cellular and genetic manipulation (25) . Although gene replacement by homologous recombination is not available in the zebrafish, gene function is easily and quickly determined by transient knockdown of gene function using antisense morpholino oligonucleotides (MOs) (26) .
We have investigated the effects of ionizing radiation on the zebrafish embryo in the presence or absence of XRCC5 gene function. XRCC5 encodes the Ku80 protein, an essential component of the NHEJ pathway of DSB repair (27) (28) (29) . This pathway requires at least four other genes: LIG4 and XRCC4, which encode two subunits of a DNA ligase, PRKDC, which encodes the DNA-dependent protein kinases catalytic subunit, and G22P1, which encodes the Ku70 protein. Each of these genes has been knocked out in mice to result in a severe radiosensitivity, in some cases accompanied by other phenotypes [reviewed in (2, 30) ].
We show that zebrafish Ku80 mRNA specifically accumulates in regions or tissues of the embryo containing rapidly proliferating cells, including the ventricular surface of the brain and retinal ganglion cells in the developing retina. Suppression of Ku80 expression using antisense morpholino oligonucleotides sensitizes early embryos to radiationinduced, p53-dependent apoptosis. This is in contrast to wild-type embryos that do not have increased numbers of apoptotic cells at the same exposure doses. Together, these results suggest that expression of DSB repair genes plays a critical role in establishing the balance between cell survival and apoptosis in early development.
MATERIALS AND METHODS

Zebrafish methods
All experiments were carried out with wild-type Tuebingen or brass embryos. Breeding and staging of embryos was performed according to standard protocols (31, 32) . For each experiment, a single clutch containing 200 or more embryos was used, with a minimum of 20 embryos per condition. Each experiment was repeated with at least two clutches and each figure shows representative embryos from an experimental group. Irradiation ( 137 Cs) was performed using a Gammacell Exactor (MDS Nordion, Ottawa, ON, USA) at a dose rate of $1 Gy/min. Doses were as indicated in the figures and figure legends. Dosimetry was performed using thermoluminescence dosimetry devices (Landauer Inc., Glenwood, IL, USA) irradiated simultaneously with the embryos. Each experiment included control embryos that were transported to the irradiator but not irradiated. TUNEL analysis was carried out to determine levels of apoptosis in the embryos as described elsewhere (33) .
Ku80 cDNA cloning
Total RNA was isolated using the Trizol reagent (Life Technologies, Gibco BRL, USA), according to the manufacturer's instructions. First-strand cDNA was generated by reverse transcription (OmniscriptÔ Reverse Transcriptase for First-strand cDNA synthesis, Qiagen, Valencia, CA, USA) primed with a polyT primer and used as a template for PCR.
To identify Ku80 sequences, the GenBank database was searched for sequences similar to mammalian Ku80 using the BLAST algorithm (www.ncbi.nlm.nih.gov/blast). Four zebrafish ESTs (fi98a07, fk23b01, fk52e08, fd41d05) similar to Ku80 were identified. Ku80-specific PCR primers were designed from these sequences and an existing cDNA clone (gift from Dr P. Chang, University of Singapore). Full-length Ku80 cDNA was amplified using primers Ku80f1 (5 0 -GCA-CGAGCGGAAGCCAGCAGC-3 0 ) and Ku80r1 (5 0 -ATTCA-AGTTTCAGTGGCTGTT-3 0 ), purified by agarose gel electrophoresis and cloned using the pGEM-Teasy Vector System (Promega Corp., Madison, WI, USA). The identities of cDNA clones were confirmed by sequencing both DNA strands. Additional Ku80 PCR primers Ku80f2 (5 0 -TGGTT-TGGTGCTGTTTGGTA-3 0 ) and Ku80r2 (5 0 -ACAAATA-GAGGCTGCCGAAT-3 0 ) were used for semi-quantitative RT-PCR analysis of Ku80 mRNA as described above and shown in Figure 3A .
Whole-mount in situ hybridization
A plasmid containing Ku80 full-length cDNA was linearized with Kpn1 restriction enzyme and transcribed with T7 RNA polymerase in the presence of digoxigenin-labeled nucleotides (Roche Applied Science, Indianapolis, IN, USA). Wholemount in situ hybridization was carried out under standard conditions as described elsewhere (34) .
Sectioning of embryos
Embryos to be sectioned were fixed as in (34) , transferred to a solution of 30% sucrose in PBS and incubated at room temperature for 2 h with gentle mixing. Subsequently, embryos were transferred to PBS containing 15% gelatin for 6 h at 37 C, then transferred to PBS containing 25% gelatin and incubated overnight at 37 C. Single embryos were transferred in PBS containing 25% gelatin to aluminum foil molds and oriented; the gelatin was allowed to set at room temperature for 1 h, then at 4 C for 1 h; and the embryos were stored at À20 C. The gelatin block was mounted on a cryostat chuck using OCT embedding medium (Bayer, Elkhart, IN, USA) and trimmed, and 14 mm sections were cut. Sections were placed on slides (Superfrost Plus, VWR, West Chester, PA, USA) and air dried overnight. Gelatin was removed from slides by incubating in distilled water at 50 C for 15 min and then mounted with a coverslip and aqueous mounting buffer.
Morpholino oligonucleotides
The sequences of the morpholinos (Gene-Tools, LLC, Philomath, OR, USA) are Ku80 MO (5 0 -TGCTGGCTTCCG-CTCGTGCCGAATT); Ku80 mutMO (5 0 -TcCTGGgTTCCcCTgGTGCCcAATT) with lowercase letters representing the 5 nt mismatches; Ku80 MO2 (5 0 -CATCGCTGCT-GGCTTCCGCTCGT) and zebrafish p53 MO (5 0 -GCGCCAT-TGCTTTGCAAGAATTG) (35) . For microinjection, MOs were diluted to 5 mg/ml in 2· injection buffer (36) and injected into the yolk of 1-cell embryos. Titration of Ku80 MOs determined that up to 10 ng of injected Ku80 MO was not toxic and 5 ng is sufficient to generate a radiosensitive phenotype. Each experiment included both mock-injected (receiving injection buffer alone) and uninjected control groups. In no case were differences seen between mock-injected and uninjected embryos. Each experiment was repeated 2-3 times using at least two different MO doses per experiment. Although the time course of recovery of Ku80 expression was not measured, MOs have previously been shown to attenuate protein expression for 50-65 hpf (26) .
mRNA over-expression
The zebrafish Ku80 cDNA was subcloned into the pCS2+ expression vector (37) and sequenced. The resulting construct contained 4 nt of 5 0 -untranslated sequence, the complete open reading frame and 3 0 -untranslated sequence extending to the polyA site. This cDNA clone does not contain 5 0 -untranslated sequence complementary to the Ku80 MO and is, therefore, not recognized by the morpholino. Template plasmid was linearized with NotI restriction enzyme and Ku80 mRNA was transcribed using SP6 RNA polymerase (Message Machine, Ambion Inc., Austin, TX, USA), according to the manufacturer's instructions. Capped mRNAs were purified by phenolchloroform extractions, dissolved in diethylpyrocarbonatetreated water, and quantified by UV absorbance. Enhanced Green Fluorescent Protein (EGFP) mRNA served as controls for RNA integrity and was injected alone or in combination with Ku80 mRNA or Ku80 MOs.
RESULTS
Sensitivity of the zebrafish embryo to ionizing radiation
To determine the dose-dependent response of zebrafish embryos to radiation, we began by irradiating embryos at the early gastrula stage (6 hpf ). At this developmental stage, cells are able to undergo stress-induced apoptosis (18), but have not assumed differentiated cell fates. Thus these cells represent an undifferentiated and uncommitted population at the time of treatment. Gastrula-stage embryos were irradiated at an intermediate dose (150 cGy), allowed to continue development and processed at several stages (12, 18, 24, 30 and 36 hpf ) to detect apoptotic cell death by the TUNEL assay (data not shown). We observed a progressive increase in the number of TUNEL-positive cells, as a function of time post-irradiation, at least through 24 hpf, after which increasing pigmentation obscures the signal from the TUNEL reaction (data not shown). Therefore, we chose the 24 hpf endpoint for more detailed analyses. At this developmental stage, most major organ systems have formed, and it is possible to assess the spatial distribution of apoptotic cells relative to distinct anatomical structures. The number of cell divisions intervening between irradiation at 6 hpf and fixation at 24 hpf varies, depending on the tissue, but is no more than two or three (36) .
A dose response for embryos irradiated at 6 hpf and assayed at 24 hpf is shown in Figure 1 . Mock-irradiated embryos (0 cGy) showed a low level of apoptosis in the head and tail regions, consistent with normal levels of apoptosis observed during development. Although the absolute number of TUNEL-positive cells varies between embryo clutches treated under the same conditions, the relative number of apoptotic cells within a clutch, and in response to experimental manipulation, is consistent among clutches. Thus, the increase in apoptosis with increasing radiation dose shown in Figure 1A and subsequent figures is typical. Exposure to 15 cGy did not significantly change the number of TUNEL-positive cells relative to the background in mock-irradiated embryos of the same clutch ( Figure 1B ). In contrast, embryos exposed to 50 cGy had a distinct increase in the number of TUNELpositive cells located in the central nervous system (CNS) ( Figure 1C ). Although TUNEL staining is seen throughout the CNS, increased staining is most evident in the developing hindbrain and anterior spinal cord (Figure 1, arrows) . At higher doses, the number of TUNEL-stained cells increased further. Eventually, cell death reached a level resulting in gross malformation of the head.
The zebrafish diploid genome size is estimated to be 3.4 · 10 9 bp (38) so that a 15 cGy dose will induce about two DSBs per cell in the embryo [assuming an efficiency of DSB formation in the range of 25 DSB per Gy per 6 · 10 9 bp (39,40)]. In most systems, a single unrepaired DSB evokes a strong biological response, resulting in cell cycle arrest or apoptosis. The ability of the embryo to survive and grow following this radiation dose provides a strong indication that one or more double-strand break repair pathways are active during zebrafish embryogenesis. Moreover, the absence of ectopic apoptotic cell death at 15 cGy, compared with the large amount at only a 3-fold higher dose, suggests the existence of a threshold below which radiation-induced cell death does not occur. Similar threshold effects have been observed in mammalian embryos during organogenic stages. However, the presence of gross developmental malformations was the only biological endpoint in these experiments [reviewed in (41) ]. Additional dose response measurements in this exposure range will be necessary to confirm and quantitatively assess this apparent threshold effect in zebrafish embryos. Regardless, these results led us to pursue and identify the DSB repair pathway that protects embryonic cells from low dose radiation exposure.
Sequence and domain structure of the zebrafish Ku80 gene
The Ku protein, composed of Ku70 and Ku80 subunits, carries out the initial DNA end recognition step in NHEJ, and is well characterized biochemically and genetically in mammalian systems (42) . A search of zebrafish genomic and expressed sequence tag (EST) databases identified homologs of both subunits of Ku, as well as most of the mammalian genes in the NHEJ and homologous recombination pathways of DSB repair (data not shown). The XRCC5 gene, which encodes the Ku80 subunit, was selected for characterization in detail.
A full-length zebrafish Ku80 cDNA clone was isolated from 24 hpf RNA and sequenced (GenBank accession number AY877316). The zebrafish Ku80 cDNA is 2540 nt long and the open reading frame encodes a predicted protein of 727 amino acids. The domain structure of zebrafish Ku80 protein is similar to that of other vertebrate Ku80 and Ku70 proteins (Figure 2A ). When compared with Ku80 in other vertebrates, zebrafish Ku80 is most closely related to pufferfish, but has >50% identity to Ku80 in more distantly related mammalian species ( Figure 2B, 2C) .
Only a single Ku80 mRNA amplification product was identified in RT-PCR analyses using RNA from several developmental stages ( Figure 3A ). In addition, searches of zebrafish EST and genomic sequence databases failed to identify other zebrafish Ku80 homologs or related genes. Thus, like other vertebrates, including humans, zebrafish appear to have only a single Ku80 gene.
Temporal and spatial expression of zebrafish Ku80 mRNA
Ku80 mRNA is expressed at all stages of embryogenesis examined. Semi-quantitative PCR analysis of Ku80 expression levels during embryonic development detected maternal Ku80 mRNA at the 1-cell stage ( Figure 3A) , which is before zygotic transcription. Zygotic expression of Ku80 mRNA increased substantially during gastrulation (6 hpf; Figure 3A ) and continued through 24, 48 and 72 hpf ( Figure  3A and data not shown).
Ku80 mRNA expression becomes spatially restricted during development. Early in embryogenesis, Ku80 mRNA is expressed uniformly among blastomeres at the 2-cell stage ( Figure 3B ), through gastrulation (6 hpf; Figure 3C ) and until the end of somitogenesis (data not shown). By 24 hpf, spatially restricted domains of elevated Ku80 mRNA expression included the developing retina (white arrow; Figure 3D ), anterior CNS and otic vesicle (asterisk, Figure 3D ). Ku80 mRNA expression was also detectable in the pronephric ducts (open arrows; Figure 3D ) and mesenchymal cells located ventrally in the tail. By 48 hpf, specific regions of the anterior CNS continued to express higher levels of Ku80 mRNA (i.e. posterior tectum; black arrow, Figure 3I ). Additional domains of Ku80 expression included the pharyngeal mesenchyme at 48 hpf (open triangle; Figure 3I ) and the proctodeum at 72 hpf (open arrow; Figure 3J ).
To determine more precisely which cells in the CNS and retina express Ku80 mRNA at 24hpf, we examined embryos in flat mount or histological sections ( Figure 3E-H) . Domains of Ku80 mRNA expression included retinal ganglion cell progenitors and cells surrounding each brain ventricle Cs gamma radiation at the early gastrula (6 hpf ) stage, were allowed to continue development until 24 hpf and were processed to detect apoptotic cells by the TUNEL assay. Anterior is at top left, posterior is toward the bottom and the dark sphere is the yolk cell. Note that low levels of apoptosis occur during normal embryonic development. Arrows in panel C denote marked increase in apoptosis in the hindbrain and anterior spinal cord. Gross malformations (absence of eye, shortening of tail) are seen at higher doses (panels E-F). Embryos shown are from a single experiment and are representative of results obtained in several additional experiments.
( Figure 3E-G) . Comparison of Ku80 mRNA expression ( Figure 3G ) and the location of mitotic cells expressing phosphorylated histone H3 ( Figure 3H) (43, 44) illustrates that domains of Ku80 expression correspond closely with proliferative regions of the CNS.
Ku80 function is required for radioprotection during embryogenesis
To investigate Ku80 function during embryonic development, we injected 5 ng of Ku80 morpholino oligonucleotide (Ku80 MO) at the 1-cell stage to suppress translation of endogenous Ku80 mRNA (26) . Control and microinjected embryos were irradiated at the early gastrula stage (6 hpf ), allowed to continue development and assayed for apoptotic cell death by TUNEL staining at 24 hpf. Embryos that received a combination of Ku80 MO and radiation showed a dramatic increase in the number of TUNEL-positive cells compared with embryos that received radiation alone (Figure 4) . At 24 hpf, TUNELpositive cells were seen primarily in the CNS, suggesting that Ku80 function is necessary between 6 and 24 hpf to protect prospective neural ectoderm cells from the effects of low dose irradiation. Sometimes embryos receiving a combination of Ku80 MO and radiation also showed abnormal gross brain morphology, probably a secondary consequence of increased cell death, but this was variable between clutches.
TUNEL staining of the CNS in Figure 4 does not appear to be confined to the small region, lining the ventricle, where maximum levels of Ku80 are expressed (Figure 2) . It is possible that TUNEL-positive cells are the progeny of cells located on the ventricular surface, a proliferative zone in the brain and source of migratory cells that differentiate into neurons (45) . Lineage tracing will be important to definitively establish the relationship between the cells containing high levels of Ku80 mRNA in normal embryos and radiosensitive cells in MO-treated embryos.
Control experiments demonstrate the specificity of the radiosensitive phenotype. Injection of a mutant Ku80 MO, bearing a 5 bp sequence mismatch, did not lead to radiosensitivity. In addition, neither the Ku80 MO nor the mutant Ku80 MO led to any increase in TUNEL-positive cells in the absence of radiation. A similar radiosensitive phenotype was obtained using a second Ku80 MO. The effect of Ku80 MO was gene specific, as co-injection of Ku80 MO with Ku80 mRNA, not recognized by Ku80 MO, rescued the radiosensitive phenotype (Figure 4 ). Co-injection of GFP mRNA and Ku80 MO did not rescue the radiosensitivity phenotype (data not shown). The tumor suppressor p53 is essential for DNA damageinduced apoptosis in many systems [reviewed in (46) ]. To determine whether increased radiosensitivity in Ku80 MO-treated embryos was attributable to p53-dependent apoptosis, we co-injected Ku80 MO and a p53 morpholino oligonucleotide [p53 MO (35) ] to reduce both p53 and Ku80 gene functions. Co-injection of p53 MO completely suppressed the Ku80 MO-induced increase in apoptotic cell death following irradiation ( Figure 5 ). Co-injection of p53 MO partially reversed the morphologic phenotype brought on by irradiation of Ku80 MO injection and this is probably a consequence of reduced apoptotic cell death. For example, the embryo in Figure 5H had normal gross morphology, whereas the embryo in Figure 5G had a reduced head size phenotype.
The p53 tumor suppressor protein functions primarily as a transducer of DNA damage signals in cells of higher eukaryotes. Thus, the ability of co-injected p53 MO to suppress the effect of Ku80 MO demonstrates that increased apoptosis in Ku80 MO-treated and irradiated embryos is likely to be a direct response to radiation-induced DNA damage. The p53 gene is a component of several signaling pathways, and we have not yet examined which of these is essential for DNA damage-induced cell death in the early embryo.
In the absence of radiation, Ku80 MO-treated embryos developed normally, were viable for at least one year and were fertile (data not shown). Although subtle effects of Ku80 deficiency on genome stability or reproductive fitness cannot be excluded, it appears that the primary function of Ku80 is to mitigate the effects of radiation exposure, and that it is dispensable for normal embryonic development.
DISCUSSION
We have characterized the mRNA expression pattern and determined the requirement for zebrafish Ku80 gene function during vertebrate embryogenesis. We find that apoptosis, as measured by the TUNEL assay, provides a rapid, quantifiable endpoint for measuring radiation injury in the dose range of 15-150 cGy. Our results indicate a central role for Ku80 in effecting the decision between cell survival and radiationinduced cell death.
DNA repair by the NHEJ repair pathway in vertebrates requires at least five gene products: Ku80 (XRCC5), Ku70 (G22P1), DNA ligase IV (LIG4), XRCC4 and the DNAdependent protein kinase catalytic subunit (PRKDC) [reviewed in (2) ]. Putative orthologs for each of these can be identified in the zebrafish EST database (data not shown). The presence of these genes, together with the functional characterization of the Ku80 gene described here, suggest that an intact functional nonhomologous end joining pathway probably operates in the zebrafish.
Comparison with other vertebrate Ku proteins (Figure 1 ) shows that the predicted zebrafish Ku80 polypeptide contains all the domains present in other Ku proteins, including a central Ku core region that mediates dimerization and DNA binding, an N-terminal VWA domain (47) that mediates additional DNA contacts and a Ku80-specific C-terminal domain that mediates protein-protein interactions (48) (49) (50) . Several short runs of amino acids are nearly 100% conserved among vertebrate Ku80 genes and are candidate regions to mediate conserved interactions with other macromolecules. For example, a conserved octapeptide sequence at the extreme C-terminus has been shown experimentally to mediate interaction of human Ku80 with the DNA-dependent protein kinase catalytic subunit (48) .
Although DNA repair proteins are often considered to be housekeeping enzymes, zebrafish Ku80 mRNA has an unexpected tissue-specific pattern of accumulation during organogenesis and later stages of development. Spatially and temporally restricted accumulation of Ku80 may serve to protect specific populations or domains of rapidly proliferating cells, which also contain organ-specific progenitor cells. Several regions of the embryo accumulate higher levels of Ku80 mRNA and meet this criterion, including the ventricular surfaces of the CNS and retinal ganglion cells surrounding the lens (51) .
The phenotype resulting from Ku80 deficiency becomes apparent only when embryos are exposed to an external source of DNA damage. These embryos are more sensitive to radiation-induced apoptosis than control embryos, with most TUNEL-positive cells located in the developing CNS. This apoptosis is p53 dependent, indicating that radiation-induced DNA damage is the primary trigger ( Figure 5 ). Our results demonstrating an epistatic relationship between p53 and an NHEJ gene recapitulate data obtained from mouse models. In the mouse, homozygous null mutation of a different NHEJ gene, Lig4, is embryonically lethal (52) . Post-mitotic neurons die by apoptosis, even in the absence of radiation, apparently because of sensitivity to endogenous DNA damaging agents (i.e. reactive oxygen species generated by oxidative metabolism). This early apoptosis is suppressed in a p53-/-background, just as radiation-induced apoptosis in the Ku80-injected zebrafish is suppressed by the p53 MO (53) .
A Ku80 and p53 double knockout mouse has also been characterized (54) . Results cannot be directly compared to those here, because the Ku80 single knockout mouse and the Ku80/p53 double knockout mouse were not directly compared with respect to radiation sensitivity or apoptosis. However, loss of p53 synergized with loss of Ku80 to promote early tumorigenesis, suggesting indirectly that loss of p53 allowed survival of cells with unrepaired DSBs that otherwise would have been eliminated. Thus, the overall conclusions of the study are consistent with the findings reported here.
In vertebrates, homologous recombination functions as an alternative pathway for repair of radiation-induced DSBs. The role of HR is more difficult to investigate genetically than NHEJ because all but one of the genes in the HR pathway are also required for somatic cell viability in the absence of radiation [reviewed in (3) ]. To assess the role of HR, we have begun to test MOs directed against the one component of the HR pathway that is nonessential for cell growth, Rad54. Although these preliminary experiments were not exhaustive, neither of the two MOs tested had any effect on embryogenesis, viability or cell survival, with or without radiation (data not shown).
In contrast, our data demonstrate a requirement of Ku80 function for embryonic radioresistance. Our results are reproducible among multiple embryo clutches tested for each experiment and completely consistent within a clutch. Laboratory strains of zebrafish are not as inbred as other models such as the mouse. To minimize the impact of genetic variation, each experiment used offspring derived from a single breeding pair of adults. Mock-irradiated, mock-injected and uninjected control groups were included in every experiment (see Materials and Methods).
The findings that Ku80 function is necessary for radioprotection during embryogenesis is relevant to human health, where the consequences of radiation exposure to brain development are well documented (5) . The dose range of 15-150 cGy, used in the majority of our experiments, is equivalent to 7.5-75 cGy in human, which has a 2-fold larger genome. This corresponds with the range of prenatal exposures that resulted in sharply increased risk of microcephaly, severe mental retardation, lower IQ and seizure disorders in the Japanese atomic bomb in utero cohort (55) (56) (57) . Recently, there has been a renewal of interest in the consequences of low dose radiation exposure of sensitive populations (58, 59) , which may include children and pregnant women. More intensive use of medical imaging procedures, especially repeated spiral CT scans in pediatric patients, has also engendered health concerns (60) .
The established framework for understanding the effects of radiation on the vertebrate embryo posits that radiationinduced malformations in the brain and other organs are induced by exposure during a 'critical period' during organogenesis and reflect an inherent bias toward cellular self-elimination rather than DNA repair, cell survival and altered developmental programs. Present results in the zebrafish model challenge this assumption and suggest the operation of a dynamic process, where spatially and temporally regulated expression of DSB repair genes protects against acute effects of low dose radiation injury and promotes cell survival. The ability to tolerate and repair DNA damage may be two edged: by promoting cellular survival, DNA repair may reduce the incidence of radiation-induced developmental malformations, while at the same time increasing the risk of delayed effects attributable to radiation-induced mutations and genome instability.
